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Improving the quality of steel and the steelmaking process has been a matter of routine
for  metallurgical engineers and steelmaking companies in a demanding market for quality
products at highly competitive price. The chemical and temperature adjustment are made
during the secondary reﬁning process, as well as the inclusion modiﬁcation required to prod-
uct quality, and also the demand for castability accuracy. Continuous casting process is the
most used solidiﬁcation casting process, in which the ﬂow of pouring liquid metal through
the  submerged entry nozzle is assured by the correct temperature and the formation of liq-
uid  inclusion in the casting temperature. Thermocalc and CEQCSI were the software used
in  this work to assess the effect of carbon, silicon and sulphur in the castability window
of  the aluminium vs calcium phase diagrams. They have proved to be highly suitable and
effective and the results showed that the chemical elements used directly affected the posi-
tion of the castability window of carbon steel. An analysis of a 0.2%C billet sample using
Scanning Electron Microscopy showed that there is a great heterogeneity of inclusions in
aluminium-killed and calcium-treated steel.
© 2016 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
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calcium-treatment. The addition of the calcium cored wire  isEditora Ltda
.  Introduction
he accurate treatment of steel in ladle for the proper con-
rol of deoxidation and inclusions in the products is essential
o produce billets from the continuous casting process [1,2].Please cite this article in press as: Lino RE, et al. Inﬂuence of the chemical c
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he formation of liquid inclusion after the secondary reﬁn-
ng is considered a precondition for the steady ﬂow of liquid
etal through the small diameter nozzles of the continuous
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caster. The steel castability is mainly inﬂuenced by the for-
mation of solid micro-inclusions into liquid metal, and the
inclusion deposition rating in the nozzle is due to the steel
cleanliness [3]. The chemical adjustment in the ladle furnace
can be very accurate, as well as the desulphurization andomposition on steel casting performance. J Mater Res Technol. 2016.
mail.com (R.E. Lino).
able to change the physical characteristics of the inclusions
during the deoxidation process. Clearly, the solid–liquid trans-
formation is a function of the liquidus temperature of these
iation. Published by Elsevier Editora Ltda. This is an open access
enses/by-nc-nd/4.0/).
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As cast Rolled
Ca wire treated
MnS segregated at
grain boundaries
MnS stringer in the
rolling direction
Numerous broken
angular crystals in
the rolling direction
CaS-MnS ring formed
around C12 A7
AI2O3 dendrites
◦Fig. 1 – Schematic illustration of the modiﬁcation in the
morphology of the inclusion after calcium treatment [8].
inclusions. Inclusion phases at a work temperature can be pre-
dicted by calcium vs aluminium phase diagrams, in which the
liquid phase deﬁnes the area of the diagram called “castability
window” [4–6].
The modiﬁcation of the morphology of the inclusions in
steel by calcium treatment not only allows the continuous
liquid steel stream during the continuous casting process
but also provides an important enhancement of the qual-
ity of high-strength alloy steel. For instance, the properties
of fatigue strength required in some applications depends
directly on the inclusion chemical composition, shape, and
distribution of their sizes. Angular, long and hard inclusions
must be avoided as they cannot be deformed along with the
steel matrix along the hot rolling process, which can result in
stress concentration into the interface steel/inclusion [7]. Fig. 1
shows, schematically, how the morphology of the inclusions
can be changed by calcium treatment [8]. In this outline, the
inclusions in aluminium killed and calcium treated steel are
spherical with a low-melting-point calcium aluminate core,
covered by calcium and manganese sulphides. The inclusions
at relatively-low melting point, smaller in size and spherical
are recommended to improve the fatigue strength and tough-
ness properties and also prevent or decrease the hydrogen
embrittlement [1,3,7,9,10].
The aim of this study is to assess the inﬂuence of thePlease cite this article in press as: Lino RE, et al. Inﬂuence of the chemical 
http://dx.doi.org/10.1016/j.jmrt.2016.05.002
sulphur content and the deoxidant elements, silicon and car-
bon, in the steel castability window produced by the ladle
furnace → continuous caster process.
Fig. 2 – Screen of the thermodynamic s0 1 6;x  x x(x x):xxx–xxx
2.  Experimental  procedure
Fifty-four steel chemical compositions with different content
of carbon (0.2, 0.4 and 0.6%), silicon (0.02 and 0.20%) and sul-
phur (0.005, 0.010 and 0.015%) were selected corresponding to
the industrially produced alloys (e.g. SAE 1020, SAE 1040 and
SAE 1060). The liquidus temperatures were calculated by using
Thermocalc, a thermodynamic computer software, since it
can calculate accurately the liquidus temperature to a wide
range of the chemical composition [11].
Calcium vs. aluminium phase diagrams were calculated
for the ﬁfty four alloys by the software Thermocalc using
SLAG2 database. The diagrams were calculated in function
of aluminium and calcium content at 50 ◦C above the liquidus
temperature of the steel. Although they may affect the “casta-
bility window”, the total oxygen content and pressure used
in the trials were continual at 20 ppm and in 1 atm respec-
tively, and the other chemical elements present in steel were
also assumed constant. The effects of these inﬂuences will be
assessed in future studies.
The minimum and maximum calcium content required to
achieve liquid inclusion in function of the aluminium content
were identiﬁed in these aluminium versus calcium diagrams,
and the aimed value was taken as the average between the
minimum and maximum values. By using the aimed calcium
content from the calculations and the chemical composition
of the alloys, a multiple regression was carried out by using
the software Minitab.
The casted samples of industrially-produced billets
through continuous casting were assessed. The inclusions
were analysed by the Scanning Electron Microscopy (SEM), in
which the types of oxides present were identiﬁed in semi-
quantitative analysis. The liquidus temperature and phase
fraction of the inclusions were calculated on the basis of chem-
ical composition by the thermodynamic software CEQCSI
(Crystal module).
Fig. 2 shows the main screen of the thermodynamic soft-
ware  used in this work.
3.  Results  and  discussioncomposition on steel casting performance. J Mater Res Technol. 2016.
The aluminium–calcium phase diagrams at 50 C above the
liquidus temperature of the alloys were calculated for all
the proposed chemical compositions, keeping the other ele-
ments constant, as described above. As known, carbon content
oftware (a) CEQCSI (b) Thermocalc.
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Table 1 – Average liquidus temperature of the alloys
according to carbon content.
Carbon of alloy Average liquidus
temperature calculated
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than in moderate-aluminium-content steel. The main inﬂu-0.4% 1504 ◦C
0.6% 1486 ◦C
irectly inﬂuences the steel melting temperature, ranging
rom 1521 ◦C in low-carbon steel (0.2%C) to 1486 ◦C in high-
arbon steel, as given in Table 1. The awareness of the liquidus
emperature and steel temperature control in the reﬁning and
asting processes is essential to ensure the continuity of the
roductive process at melt shop [7].
Fig. 3 shows the aluminium vs calcium diagrams for a
.2%C, 0.05%S and 0.02%Si steel (and 20 ppm Ototal). In the
gure, the solid phases of calcium aluminates, calcium sili-
ates and sulphates are quantiﬁed, as well as the formation of
iquid inclusions (SLAG) in the simulation temperature. The
rea quantiﬁed in the diagram for such liquid inclusions is of
reat industrial importance, once it represents the area of the
castability window” [4]. This area, which represents a speciﬁc
one of calcium content, must be aimed to ensure a suitable
teel castability. The fact that the inclusions in this area are in
he liquid state stimulates the spherical shape, which is easier
o be removed from steel [7]. Above this area on the left (lower
luminium and higher calcium) the solid phase of calcium sil-
cate is shown. On the right of this area (higher aluminium and
alcium content) are the phases of calcium sulphide with liq-
id inclusion. Below the castability window is the area of solid
alcium aluminate with liquid inclusions and just below the
rea of solid inclusions of calcium aluminate. All the areas
ith solid phases should be avoided due to the risk of nozzle
logging at the continuous caster [5].
By comparing the results of Fig. 3a of a steel with 0.02%Si
ith a similar chemistry with silicon content 10 times higher
0.20%), there was a signiﬁcant difference in the position of the
olid phase area of calcium silicate. In higher silicon content
teel, this area extends to aluminium content up to 0.008%
Fig. 3b).
Fig. 4 shows the values calculated for calcium content
hat should be aimed to obtain the liquid phase inclusionsPlease cite this article in press as: Lino RE, et al. Inﬂuence of the chemical c
http://dx.doi.org/10.1016/j.jmrt.2016.05.002
t 50 ◦C above the steel liquidus temperature, i.e., the calcium
ontent required so that the inclusions are kept exactly in
he centre of the window castability. The graphs show the
Fig. 3 – Binary phase diagram aluminium vs calcium for a 1 6;x  x x(x  x):xxx–xxx 3
inﬂuence of aluminium, sulphur, silicon and carbon in the
position of the castability window. It is clear that such chemi-
cal elements directly inﬂuence the equilibrium between the
oxides and sulphides phases present in steel. Aluminium,
while an element of greater attraction for oxygen among the
elements studied, did not present signiﬁcant inﬂuence on the
aimed amount of calcium, regardless of the content of other
elements. This is due to the fact that the aluminium variation
from 100 to 300 ppm has little inﬂuence for the equilibrium
of the system. In this case, the aimed calcium content is
virtually constant for this aluminium content range, consid-
ering the other elements as constant. The variation of silicon
content from 0.02 to 0.20% has also slight inﬂuence on the
aimed amount of calcium. A small difference of 0.5 ppm is
observed for low aluminium and low carbon content (100 ppm
and 0.2%, respectively), condition in which steel tends to be in
higher oxidation state. The increase of carbon content from
0.2 to 0.4% has a small impact in the calcium content, but,
the impact of carbon is slightly more  visible when the carbon
content increases from 0.4% to 0.6%, producing an increase in
the aimed calcium between 0.5 and 1 ppm. The major change
in the intended calcium content occurs with the increase in
sulphur content of steel. The graphs show that the increase
in sulphur content in steel from 50 ppm to 150 ppm resulted
in the reduction of the aimed calcium content from 15 to
13 ppm. This shows that the presence of sulphur in metal-
lic bath expanded the formation of calcium sulphide; thus the
CaS phase area increases and moves the castability window
downward, i.e., to the area of lower calcium content [3,5,10].
Fig. 5 shows the “calcium range”, a term used to deﬁne the
maximum gap in calcium content to obtain liquid inclusions,
which corresponds to the extension of the castability window
for a given condition. In practice, this variable express the
difﬁculty to achieve the ﬁeld of liquid phase inclusions after
calcium treatment in the secondary reﬁning process, espe-
cially due to great variation in the yield of the calcium cored
wire. As we  can see, the increase in aluminium content causes
a clear reduction in the calcium range of the liquid phase. On
the whole, each addition of 100 ppm in aluminium content of
steel decreases about 2 ppm the calcium range. By inspect-
ing this phenomenon, the reﬁning process and castability of
high aluminium content steel becomes much more  complexomposition on steel casting performance. J Mater Res Technol. 2016.
ence of silicon content occurs in conditions of low aluminium
content, with greater emphasis on high carbon steel, in which
the difference of calcium range varies between 3 and 4 ppm for
lloy steel 0.2%C, 0.005%S, (a) 0.02%Si and (b) 0.20%Si.
Please cite this article in press as: Lino RE, et al. Inﬂuence of the chemical composition on steel casting performance. J Mater Res Technol. 2016.
http://dx.doi.org/10.1016/j.jmrt.2016.05.002
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Fig. 4 – Aimed calcium content to obtain liquid inclusions. Temperature 50 ◦C above liquidus temperature (Table 1) and
Si = 0.02 and 0.20%.
Fig. 5 – Interval in content of calcium to obtain liquid inclusions. Temperature 50 ◦C above liquidus temperature (Table 1) and
Si = 0.02 and 0.20%.
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ualculated by multiple regression equation.
ifferent silicon contents, always reduced the calcium range
o 0.02% silicon content steel. Carbon content of the alloy
resents clear relation with the calcium range. For all these
onditions, the increase of carbon content causes an imme-
iate reduction of the calcium range required to obtain liquid
nclusions. The reduction of the calcium range is a result of
 reduced castability window, and this causes an increase in
he prospect of sulphides and oxides formation in solid state.
The amount of sulphur is another drawback for the for-
ation of liquid inclusions in steel. The increase of sulphur
nhances the solid inclusion area CaS and causes a ﬂatten-
ng of the castability window. The effect of sulphur is more
isible under conditions of lower steel oxidation, i.e. when
ercentages of carbon and aluminium are at higher level, and
onsequently, the total oxygen content must be lower. In the
ondition of S = 150 ppm, Al = 300 ppm and C = 0.4%, the gap of
alcium for the adjustment of the castability window is only
 ppm. The gap of calcium is even lower when the carbon con-
ent increases to 0.6%, a condition in which delta calcium is
educed to only 2 ppm.
A multiple linear regression was carried out using the
imed calcium data and steel chemical compositions, which
atches the aimed calcium content to obtain liquid inclu-
ions and the chemical element contents – carbon, silicon,
ulphur, and aluminium. Fig. 6 shows the aimed calcium con-
ent predicted by the Thermocalc software versus those onesPlease cite this article in press as: Lino RE, et al. Inﬂuence of the chemical c
http://dx.doi.org/10.1016/j.jmrt.2016.05.002
alculated by the multiple linear regression equation.
It is observed that the predicted and calculated data
resented a good agreement, which resulted in R2 of 89%.
lthough not as accurate as the software, the multiple linear
ig. 7 – Connected ternary diagrams of the Al2O3–MgO–CaO and 
sed in this work (b) literature data [3]. 1 6;x  x x(x  x):xxx–xxx 5
regression has an operational advantage, since the equation
can be easily inserted into the metallurgical model of the melt
shop and provides a fast response in the amount of calcium
that should be aimed for the chemical composition ﬂuctua-
tions among the heats in the process.
In order to check the proﬁle of the inclusions that solid-
iﬁed in the continuous casting process, it was taken a
cross-sectional sample of a steel billet with 0.20%C–0.02%Si–
0.01%S–0.02Al%–0.0015%Ca. The inclusions present in an area
of 23 mm2 of the samples were assessed through semi-
quantitative analysis by SEM and is represented in the
attached ternary diagram of the systems Al2O3–MgO–CaO and
Al2O3–CaS–CaO (Fig. 7a).
Regarding the size, 98% of the inclusions presented diam-
eter up to 4 m.  The ﬁrst system (Al2O3–MgO–CaO) is to
illustrate the formation of the spinel phase. This phase is
formed from the combination of aluminium oxides, espe-
cially during the deoxidation of steel, and magnesium oxides,
mainly by the diffusion of the magnesium ion from the refrac-
tory lining and from the slag at the ladle furnace [9]. The
presence of spinel phase (Al2O3–MgO) and corundum (Al2O3)
is a sign that there was no complete homogeneous trans-
formation of calcium aluminate inclusions after calcium
treatment [3]. In the Al2O3–CaS–CaO system, it is possible
to identify the presence of CaS together with the calcium
aluminates inclusions. In the studied alloy, most of the inclu-
sions presented CaS phase in its composition. The results
from the inclusions of this steel are in accordance with the
newly published results for aluminium-killed low-carbon steel
(Fig. 7b) [3].
The thermodynamic properties of the inclusions were cal-
culated using the software CEQCSI. Fig. 8a shows the liquidus
temperature calculated according to the full chemical compo-
sition of each inclusion.
After the calcium treatment, there are only 20% of the
inclusions showing liquidus temperature below the calculated
temperature of 50 ◦C above the steel liquidus temperature.
This means that these inclusions are 100% liquid at this
temperature. Another property evaluated in Fig. 8b was the
amount of the liquid phase in each inclusion in the mea-
sured temperature of steel. Approximately 42% of inclusions
have at least 90% of liquid phase at 50 ◦C above the steelomposition on steel casting performance. J Mater Res Technol. 2016.
liquidus temperature. In this case, the fact of having par-
tially solid inclusions did not inﬂuence the steel ﬂow through
the nozzle at continuous caster, since the casting parame-
ters were considered worthy. The liquidus temperature and
Al2O3–CaS–CaO systems with (a) experimental data of alloy
ARTICLE IN PRESSJMRTEC-217; No. of Pages 7
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Fig. 8 – Thermodynamic properties of inclusions calculated
by software CEQCSI.
r
steelmaking: learning from inclusion size distributions. ISIJthe amount of the liquid phase in inclusions are impor-
tant because they directly affect the steel cleanliness and
castability, beyond the ﬁnal properties of the product [9,10].
Fig. 8c shows the frequency of the solid phase in the inclu-
sions found partially in solid state. Calcium sulphide (32%) is
the solid inclusion of higher occurrence. The CaS is formed
mainly from the relationship of additional calcium with sul-
phur dissolved in steel. The sulphide inclusions formed at
high temperatures usually precipitate around aluminates pre-
viously formed [3]. This feature is very remarkable from the
point of view of application of the product, because it ben-
eﬁts the spherical morphology of inclusions, which improve
the results related to formation of microcracks and fatigue
strength [7].
Nevertheless, the excessive CaS precipitation can dam-
age the continuous casting process as it reduces the steelPlease cite this article in press as: Lino RE, et al. Inﬂuence of the chemical 
http://dx.doi.org/10.1016/j.jmrt.2016.05.002
castability window, and so it must be avoided [6]. The other
solid phases of higher occurrence in the inclusions are spinel,
calcium aluminate and corundum.  The formation of these0 1 6;x  x x(x x):xxx–xxx
inclusions is a sign that their modiﬁcation was unﬁnished.
While effective, it is noted that the calcium treatment presents
some degree of heterogeneity. Moreover, it is still very func-
tional in practice, since it allows the continuous casting of
long heat sequential of aluminium-killed steel and quality
assurance of products manufactured by this process.
4.  Conclusions
From this work, the following conclusions were achieved:
1. The aimed calcium content and the calcium range on the
castability window were estimated by computer thermo-
dynamics calculations. The amount of calcium in alloy is
very important because it allows the modiﬁcation of the
inclusions and the sustainability of the continuous casting
process.
2. Under the evaluated conditions, an increase in carbon,
aluminium and sulphur contents reduces the castability
window. On the other hand, an increase in silicon content
expands the castability window.
3. A multiple linear regression equation with suitable cor-
relation factor R2 has been built, that provides a faster
calculation than the thermodynamic calculation. The
equation calculates the aimed calcium content in function
of the aluminium, silicon, carbon and sulphur contents.
4. The ternary diagrams produced from SEM semi-
quantitative analysis showed the formation of the
following type of inclusions: spinel, corundum, and CaS/
aluminates. The spinel and corundum phases specify
a heterogeneous process of inclusions after calcium
treatment.
5. The inclusions analysis of a 0.20%C–0.02%Si–/0.01%S–
0.02%Al–0.0015%Ca-steel billet shows 20% of the inclusions
with liquidus temperature below the casting temperature
and 42% of the inclusions present over 90% of liquid phase.
Regardless of heterogeneous characteristics, the calcium
treatment allows continuous casting of aluminium-killed
steel.
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